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Abstract 
The building sector is well known to be one of the key energy consumers worldwide. The renovation 
of existing buildings provides excellent opportunities for an effective reduction of energy 
consumption and greenhouse gas emissions but it is essential to identify the optimal strategies. In this 
paper a multi-criteria methodology is proposed for the comparative analysis of retrofitting solutions. 
Life Cycle Assessment (LCA) and Life Cycle Cost (LCC) are combined by expressing environmental 
impacts in monetary values. A Pareto optimization is used to select the preferred strategies. The 
methodology is exemplified by a case study: the renovation of a representative housing block from 
the 60s located in Madrid. Eight scenarios have been proposed, from the Business as Usual scenario 
(BAU), through Spanish Building Regulation requirements (for new buildings) up to the Passive 
House standard. Results show how current renovation strategies that are being applied in Madrid are 
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far from being optimal solutions. The required additional investment, which is needed to obtain an 
overall performance improvement of the envelope compared with the common practice to date, is 
relatively low (8%) considering the obtained life cycle environmental and financial savings (43% and 
45% respectively). 
 
Keywords: renovation; housing retrofit; life cycle assessment; life cycle cost; monetary valuation; 
environmental external costs; Pareto optimization. 
 
Introduction 
Buildings worldwide account for 16-50% of the total energy consumption [1], while the 
corresponding value in Europe is 40% [2,3]. The renovation of existing buildings provides excellent 
opportunities for reducing energy consumption and greenhouse gas emissions. The majority of the 
current European residential building stock was built during 1940-1970s, with low standard especially 
with regard to energy performance [4]. In Spain, 54% of the housing stock was built before 1980, i.e. 
before the first regulation concerning energy efficiency in buildings [5]. This large stock is a 
consequence of the high housing need in the middle of the last century, in a context with a low 
industrial production and without any comfort standards. Improving these buildings with a low energy 
performance is hence an urgent and important challenge. Many authors have emphasized the 
importance of building renovation in energy savings and reduction in greenhouse gas emissions [6–9]. 
In a previous work [10], a critical review of the works concerning energy efficiency strategies and the 
approaches driving the assessment of the housing retrofits was conducted. It was observed that 
retrofitting strategies were quite similar. Passive strategies, such as insulation of the envelope, 
replacement of windows and air sealing were found to be the most common energy saving measures. 
However, the assessment methodologies applied to evaluate the efficiency of the energy saving 
measures differed broadly and widely [10].  
Further work is needed on the development of consistent multi-criteria methodologies for decision-
making on the retrofitting strategies. In this context, Life Cycle Assessment (LCA) and Life Cycle 
Costing (LCC) are promising instruments for the modeling and calculation of the respective effects 
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[11]. However, LCA and LCC have been developed quite independently, and so there are differences 
in terminology, framework, and calculation rules. In the review of the existing literature [10] 
inconsistencies were found when LCA and LCC were conducted in the assessment of retrofitting 
solutions. System boundaries were different in the LCA and LCC parts of the studies [i.e. 6,12]. 
Where for LCA studies, a classification into the different life cycle stages of the cradle-to-grave is 
most often applied, for LCC studies this classification is rarely used: LCC studies are most often 
restricted to investment and use phase costs. Besides, the time horizons for environmental impact and 
economic cost are often different [i.e. 13]. Moreover, the different normalization and weighting 
methods, as well as the diverse environmental external cost calculation approaches, not only reduce 
the transparency of the studies but also make the results uncertain and subjective, preventing the 
comparison of the results [14]. There is, however, an important harmonization effort with regard to 
the on-going policy development processes in the European context (CEN standards).  
These findings indicate the need for further methodological support for integrated LCA-LCC studies. 
To meet this need, a multi-criteria assessment method was proposed for the optimization of the energy 
saving measures (ESM) in housing renovation, combining LCA and LCC, through a Pareto 
optimization approach. In the approach proposed, environmental impacts were expressed as external 
environmental costs via monetary valuation. The methodology is illustrated by a case study in order to 
provide an in-depth understanding of the approach followed. A representative residential building 
from the Spanish housing stock was selected as case study. Current strategies used in Spain were 
analyzed in terms of efficiency by applying the multi-criteria approach proposed. Different scenarios 
were analyzed from the Business as Usual scenario (BAU), through the requirements for new 
buildings of the Spanish Building Regulation [15] up to the Passive House standard. 
 
Methods 
In order to avoid inconsistencies as identified in the literature review, the goal and scope of the study 
must be defined considering the same functional unit for LCA and LCC.  
Life Cycle Assessment (LCA) 
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LCA follows the ISO standards 14040 [16] and 14044 [17]. It is defined as “the compilation and 
evaluation of the inputs, outputs and potential environmental impacts of a product system throughout 
its life cycle” [16]. 
Life Cycle Impact Assessment 
In the approach proposed the seven impact categories of the European (CEN) standard on 
environmental impact of buildings [18] are considered as there is a large consensus on their relevance 
and scientific robustness of the impact assessment models related to these. The following impact 
categories are included in the CEN standard: 
abiotic depletion potential – non-fossil (ADP-non-fossil, kg Sb eq); 
abiotic depletion potential – fossil (ADP-fossil, MJ net caloric value) 
acidification potential (AP, kg SO2 eq);  
eutrophication potential (EP, kg (PO4)3- eq);  
global warming potential (GWP, kg CO2 eq);  
ozone layer depletion potential (ODP, kg CFC-11 eq);  
photochemical ozone creation potential (POCP, kg C2H4 eq). 
For each of the impact categories included in the current version of the CEN standards, several impact 
assessment models exist. In the overall aim to strive for harmonization, the CEN standards stipulate 
which impact assessment models shall be used for each of the impact categories. These mandatory 
impact assessment models, i.e. CML version 4.1 (dated October 2012), were used in the approach 
proposed in this paper in order to be in line with the CEN standards. The software used for life cycle 
impact assessment was SimaPro 7.3.3. 
A multiplicity of individual impact scores is rarely a good basis for decision-making. Therefore, a 
weighting was used by means of monetary valuation. Monetary valuation is an optional evaluation 
step in LCA. A detailed elaboration of different steps of LCA can be found in the ISO 14000 
standards [16,17]. The objective of monetary valuation in the research was to express, in monetary 
terms, how the welfare of current and future generations is affected by the environmental impacts 
caused by activities in the building sector. These environmental costs (also referred to as “external 
costs” or “shadow costs”) arise when the activities of one group of people have an impact on others, 
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and when the first group fails to fully account for these impacts [19]. For each individual 
environmental indicator, the characterization values are multiplied by a monetization factor (e.g.: X 
kg CO2 equivalents times Y €/kg CO2 equivalents). This factor indicates the cost of the damage to the 
environment and/or humans for avoiding potential damage or settling any damage incurred [20]. The 
West-European monetary values from the OVAM:MMG method developed in Belgium were used in 
our approach [20,21]. For the analysis, the central values of the OVAM:MMG method (Table 1) were 
used.  
Table 1. Overview of West-European monetary (central, low and high) values for CEN indicators, 
2014 [21] 
Environmental 
indicator 
Unit Central  
(€/unit) 
Low  
(€/unit) 
High  
(€/unit) 
ADP-non 
fossil 
kg Sb eq 1.56 0 6.23 
ADP-fossil MJ net caloric 
value 
0 0 0 
AP kg SO2 eq 0.43 0.22 0.88 
EP kg (PO4)3- eq 20 6.60 60 
GWP kg CO2 eq 0.100 0.050 0.200 
ODP kg CFC-11 eq 49.10 25 100 
POCP kg C2H4 eq 0.48 0 6.60 
 
Environmental costs can be compared/added up with/to the financial costs. This offers significant 
added value compared with other weighting methods, such as the panel method, the distance-to-target 
method and damage methods for overall decision taking [22]. 
 
 
Life Cycle Cost (LCC) 
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For the Life Cycle Cost the methodological standard in the regulation ISO 15686-5 [23] has been 
adopted. According to this standard, LCC is defined as a technique which enables comparative cost 
assessments to be made over a specified period of time, taking into account all relevant economic 
factors, both in terms of initial investment cost and future operational cost. The net present value 
(NPV) may be described as the sum of the discounted benefit of an option less the sum of the 
discounted costs [23] and was adopted for the LCC calculation on the basis of existing literature 
[6,13,24–26]. An energy efficient renovation of a building requires an investment cost, but generates 
savings in the energy consumption over the life span of the building. In order for the measure to be 
profitable, the energy cost saved over its life will need to be greater than the capital investment [27]. 
Therefore investment costs were considered negative while energy savings were considered positive. 
The NPV was calculated as follows: 
 
Where r is the real discount rate (%), N is the time lifespan (years), t is the year (-), im, il, ig, ie are real 
growth rates of building materials, labor, gas and electricity respectively (%), CR is the cost for 
renovation (€), CMRm is the cost of the building materials for maintenance and replacement (€),CMRl is 
the cost of the labor for maintenance and r placement (€), Sg is the gas saving (€), Se is the electricity 
saving (€),  and CEOL is the cost of EoL (€). 
The cost of renovation includes building material costs, labor costs, indirect costs (which include the 
costs for indirect labor, machinery and tools, temporary facilities, and quality control), fees of 
architects, and the VAT. The cost data were collected from a database valid for the Spanish context, 
for the year 2014 [28]. The cost of maintenance and replacements includes the costs of building 
materials and labor costs. However, as these will happen in the future, the increase in the price of 
construction materials and labor is taken into account. Energy savings are calculated for heating and 
cooling. Finally, the EoL cost includes the cost for the separation of waste, transport to the treatment 
place and the EoL treatment. For the cost data related to the EoL, the CYPE database [29] was used.  
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Specific prices for commodities and their real growth rates are shown in Table 2. Rates of increase of 
energy prices are based on projection of the observed past trend according to the references given in 
Table 2. 
Table 2. Input data for costs and real growth rates for the LCC 
Input data category 
Value and 
reference 
Price of natural gas 
0.0752 €/kWh 
[30] 
Electricity price 
0.2252 €/kWh 
[31] 
Discount rate 3% [32] 
Growth rate of building 
materials 
1.85% [33] 
Growth rate of labor 0% [33] 
Growth rate of gas 3.5% [30,34] 
Growth rate of electricity 5% [31,35] 
VAT rate 10% 
 
Multi-criteria optimization 
For the purpose of identifying the retrofitting scenarios in order of priority, an optimization of the 
environmental impact and financial cost is needed. A ranking of priorities can therefore only be 
established based on a multi-criteria optimization procedure. Within multi-criteria optimization there 
is typically no single global solution. It is therefore necessary to determine a set of optimal points 
which all correspond to a predetermined definition of optimum. As stated by Marler & Arora [36], the 
predominant concept in defining an optimal point is that of Pareto optimality. According to the Pareto 
principle, the options from the considered population are optimal if there is no other option that 
improves one objective without simultaneously worsening at least one other. This concept is used 
within this research. Since two objectives are strived for: minimum investment cost and maximum life 
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cycle savings, a Pareto curve should be determined. Therefore, the following objectives were defined 
for the optimization of retrofitting scenarios in the context of this research: 
Highest life cycle financial savings (LF savings) and lowest financial investment (IF) 
Highest life cycle environmental savings (LE savings) and lowest environmental investment (IE) 
Highest life cycle environmental savings (LE savings) and lowest financial investment (IF) 
Highest life cycle environmental savings (LE savings) and highest life cycle financial savings (LF 
savings) 
Sensitivity analysis 
While the literature raises a number of concerns about the use of life cycle approach, there are steps 
that can be taken to minimize the inherent limitations of the methodology. The undertaking of 
sensitivity analyses on the most uncertain parameters can help to mitigate limitations of LCA and 
LCC by testing the impact of variations in key assumptions on the outcomes [37]. Sensitivity analyses 
were hence performed on the most important uncertain parameters. A first one is the life span of the 
building which potentially has an important influence on the economic and environmental outcomes 
[38,39]. Typically, the longer the life span of the building, the lower the yearly environmental impacts 
and the higher the economic benefits [40]. As there is no universal standard regarding the life span of 
a building, uncertain estimates need to be made. Based on literature for housing renovation, a base 
scenario of 50 years with a sensitivity service life of 30 and 60 years is assumed. A second one is the 
monetary valuation of the environmental impacts. As these include a certain level of uncertainty, 
sensitivity analyses of the monetary values are performed by considering the low and high values in 
table 1. 
Concerning uncertainties in LCC, Moore and Morrisey [37] detected from their results that the 
discount rate has a significant impact on the net present value. Overall, the lower the discount rate the 
greater the net present value. According to the European Commission, a real discount rate higher than 
4% reflects a purely commercial, short-term approach to the valuation of investment. While a lower 
rate, ranging from 2% to 4% excluding inflation, reflects more closely the benefits that energy 
efficiency investments bring to building occupants over the entire investment’s lifetime [32]. 
Therefore, a sensitivity analysis with real discount rates of 2% and 4% is conducted. The future price 
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of energy is also relevant but uncertain. It is verified that the outcomes (and related recommended 
renovation strategies) would differ from the baseline scenario if the growth rate of energy was the 
same as the inflation rate. Two scenarios for the energy price evolution in time are considered: real 
growth rate of 0% and real growth rate of gas and electricity of 1.75% and 2.5, respectively. 
 
Selection of a case study 
Selection of a representative housing block 
The difficulty in defining a building model that represents the total building stock is well known due 
to the complexity and heterogeneity of the existing stock. The most representative typology of the 
Spanish housing stock is the multi-family housing block built between 1950-1980, which represents 
43% of the residential stock [5]. The housing development of this period, especially in industrial 
cities, was characterized by large-size social housing estates with a huge number of dwellings. The 
need for fast growing implied homogeneous construction, giving rise to similar building features. 
Based on an in-depth analysis of the housing stock in Madrid [41], where 13,000 hectares were 
urbanized in this period, a representative housing block has been identified. 
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Fig. 1. Layout of the existing building: elevation, floor plan and vertical section of the top floor [41] 
The studied building is from the 60s and is located in Madrid (Fig. 1). It is a ten-story building, 
containing 120 dwellings of 2 and 3 bedrooms, with a net floor area of 49 and 64 m2 respectively and 
a floor to ceiling height of 2.50m. The roof is a pitched roof made of ceramic tiles placed over brick 
boards, supported by ventilated brick walls placed every 1-meter. The facade is composed of a brick 
veneer, air cavity, hollow bricks and gypsum plaster at the inside. Windows are made of aluminum 
without thermal break and single glazing. Balconies are randomly closed with aluminum carpentries 
(mostly without thermal break) and single glazing. The U-values of the roof, facades and windows are 
1.48 W/m2K, 1.69 W/m2K and 5.7 W/m2K respectively.  
The average heating demand is 85.44 kWh/m2 year, while the average cooling demand is 19.33 
kWh/m2 year. The calculation of the energy demand was performed using the building energy 
simulation software DesignBuilder and the calculation engine EnergyPlus [42] with the weather data 
of Madrid. The usage profile was taken from the Spanish Building Regulation [15], which defines a 
set-point temperature for winter (October to May) of 20ºC from 8h to 23h and 17ºC from 23h to 7h. 
The set-point temperature for summer (June to September) is 25ºC from 16h to 23h and 27ºC from 
23h to 7h. A ventilation rate of 0.76 ac/h is assumed, according to the health requirements of the 
Spanish Building Regulation [15]. During summer, night ventilation with a rate of 4 ac/h is 
considered. As far as air tightness is concerned, the Simplified Spanish Certification Procedure, CE3 
[43], defines an infiltration rate of 9 m3/h·m2 at 4 Pa, for multifamily housing built before 1961-1975.  
Definition of the retrofitting scenarios 
The main objective of selecting this case study was to investigate whether the current retrofitting 
solutions in Spain are suitable from a life cycle perspective, and if the current requirements in housing 
renovation should be strengthened or not. As a first step, the case study of Madrid was considered 
because there is a large housing stock to be renovated in the short term. In order to know the real 
solutions currently applied in the housing retrofitting of Madrid, all the projects supported by the 
Municipal Housing and Land Company of Madrid (EMVS) in the period 2010-2012 were analyzed 
[44]. 
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Initially three conditions were considered to define the retrofitting scenarios: Business as Usual 
practices (E1), solutions to achieve the Spanish Building Regulation for new buildings (E2) and 
actions to achieve the Passive House standard (E3). In the scenario E2 requirements for new buildings 
were considered, since the energy demand required for renovation was higher than energy demand 
achieved in BAU scenario. In this scenario, two solutions were proposed for the renovation of the 
windows: 1) replacement of the window, which is normally done in Spain (E2a); and 2) addition of a 
second window, which solved better the thermal bridge (E2b). Fig. 2 shows the requirements for each 
scenario for the city of Madrid. 
Fig. 2. Energy requirements for the retrofitting scenarios proposed in a first step 
Energy saving measures for each scenario were defined according to the U-values and energy demand 
requirements presented in Fig. 2. To do so, DesignBuilder was used with the input parameters 
presented before (section 3.1). Due to the renovation, the infiltration rate is expected to decrease. The 
infiltration rate defined by the Spanish Certification tool Lider-Calener [45], for multifamily housing 
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(new buildings), was therefore adopted, which equals 0.24 ac/h at 1 Pa. For the E3 scenario, the 
infiltration rate required by the Passive house standard was considered (0.6 ac/h at 50 Pa). 
The preliminary results revealed that scenario E3 leads to a very high investment cost and is hence 
unaffordable for the majority of the people. Therefore, four additional scenarios were proposed (E4-
E7) improving the current requirements of the Spanish Building Regulation but being less stringent 
than the Passive House standard. Based on the analysis of the information provided by the EMVS, 
nowadays materials used in housing renovation in Madrid are the same in every building. Therefore, 
in this research, the additional scenarios were proposed maintaining the same materials for roof and 
facade but looking for the preferred insulation thickness. This limitation is seen as justified as 
previous studies have shown that the type of insulation material does not provide essential differences 
in the life cycle impact and cost of a building [46,47]. For the definition of these additional scenarios 
roof, facade and windows were optimized separately, from both a life cycle environmental and 
financial perspective, i.e. based on LCA and LCC. For the roof, 24 cm of glass wool was identified as 
the maximum insulation thickness on the Pareto front, while for the facade it was 16 cm. Results 
showed that for higher insulation thicknesses, the initial environmental and financial costs increase 
while the life cycle savings decrease.  As shown in Table 3, the maximum insulation thickness for 
roof and facade was adopted in scenario E7, while scenarios E4-E6 combined maximum insulation 
thickness only for one element (façade or roof) and intermediate thickness for the other. The ground 
floor was not renovated due to the limited floor-to-ceiling height (2.5 m). 
Table 3. Renovation scenarios, Energy Saving Measures and U-values 
 ESM U-values 
 ROOF FACADE WINDOWS OTHER ROOF 
FACA
DE 
WINDOW
S 
E1 8 cm XPS 6 cm EPS AL + 4/6/4  1,25 0,36 2,8 
E2a 
16 cm 
MW 
12 cm 
EPS 
N: PVC + Low-e 8/16/8 
(Air) 
E/W/S: PVC+Low-e 8/10/6 
 0,21 0,26 
N: 1,2 
S/E/W: 1,6 
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(Air) 
E2b 
16 cm 
MW 
12 cm 
EPS 
 0,21 0,26 
E3 
16 cm 
MW 
12 cm 
EPS 
Heat 
recovery 
0,21 0,26 
E4 
20 cm 
MW 
14 cm 
EPS 
 0,17 0,23 
E5 
20 cm 
MW 
16 cm 
EPS 
 0,17 0,20 
E6 
24 cm 
MW 
14 cm 
EPS 
 0,15 0,23 
E7 
24 cm 
MW 
16 cm 
EPS 
Addition of double 
window: 
N: PVC + Low-e 6/12/4 
(Air) 
E/W: PVC+Low-e 4/8/4 
(Air) 
S: PVC + Double 4/8/4 
(Air) 
 0,15 0,20 
N: 1,2 
E/W: 1,6 
S: 1,8 
XPS: extruded polystyrene; MW: mineral wool; EPS: expanded polystyrene; AL: aluminum; N: North; 
E: East; W: West; S: South. 
 
Results and discussion 
Goal and scope 
The aim of our study was to define the most preferred renovation strategies for residential buildings in 
Madrid from an environmental and financial perspective. To reach this goal, a comparative analysis of 
the environmental impact and financial cost of different retrofitting solutions for a representative 
housing block located in Madrid was made, considering the whole life cycle.  
Functional unit 
The functional unit, which is the basis for the comparative analysis [16], was defined as 1 m2 of 
heated and cooled net floor area of a single unit in a multi-family apartment block, located in Madrid 
in 2014. A life span of 50 years was considered for two reasons: firstly, the Spanish Building 
Regulation refers to a life span for building materials of 50 years; secondly, the standard 
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ECO/805/2003 [48] establishes a life span of 100 years for residential buildings. As it was a housing 
block with an average age of 50 years, the remaining life span was assumed to be 50 years.  
System boundaries 
As the scope of the study was to identify the most preferred renovation solutions and as the scenarios 
analyzed did not differ in amount of existing materials being demolished, the materials of the existing 
building were excluded from the analysis. Only the impact and cost of new materials and the 
reduction in energy consumption due to the ESM were considered. The analysis included the 
production of the required materials for the renovation, transport of the materials to the construction 
site, construction (limited to the material losses during construction), use stage (maintenance, 
replacements, heating and cooling energy savings compared to the existing situation) and the end-of-
life (EoL) (limited to the separation of waste, the transport to the EoL treatment and EoL treatment, 
which included landfill and recycling). 
 
Life Cycle Assessment (LCA) 
Life Cycle Inventory 
Due to the lack of Environmental Product Declarations (EPD) in the construction sector in Spain, the 
inventory data for the production stage were retrieved from the Ecoinvent version 2.2 database [49]. 
The best available representative Ecoinvent record was selected for each material [50,51]. The 
Ecoinvent database is mainly composed of data related to Swiss technologies. In order to make the 
data more representative for the Spanish situation, the Swiss electricity mix of the processes was 
adapted to the UCTE (Union for the Coordination of Transmission of Electricity) grid mix (average 
European grid mix). However, for the cooling of the building, the Spanish electricity mix was used. 
For the construction stage, data were lacking to quantify the energy consumption and water use 
related to the construction processes. However, the related emissions were assumed negligible 
compared to other life cycle stages [52]. Hence only material losses were considered during the 
construction stage. An average of 5% material loss was considered [20,52]. For the transport of the 
materials from the factory to the construction site, two types of lorries have been used based on the 
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supplier information, lorry >16 ton and lorry 20-28 ton, for load rates of 18 ton and 24 ton 
respectively. The distances were considered from the company to the center of Madrid. 
For the use phase, the replacements of the materials with a life span lower than 50 years were 
considered. For the energy calculation, energy savings for heating and cooling compared to the 
existing building were considered. The systems’ efficiency adopted by the Spanish Rating System for 
existing buildings [53], are 75% for heating production with natural gas and 138.6% for cooling 
production with electricity. Energy consumption was calculated for every scenario and for the existing 
building with DesignBuilder based on which the energy savings compared to the existing building 
were. 
With respect to the EoL phase, in Spain most of the waste is currently disposed in landfills, thus 
occupying a volume which clearly exceeds the volume occupied by domestic waste [54]. However, 
directives and legislation to reduce and manage building and construction waste have been drawn up 
both at the European level and at the level of the Member States. Therefore, the EoL treatment was 
defined according to the Regional Plan of Madrid for the construction and demolition waste 
management [55], where in addition to landfilling, recycling of certain materials has been considered 
(Table 4). Waste sorting was considered to be done on site, whereas the average distances to the 
landfill and treatment plant are 80 km and 50 km respectively. A load rate of 24 ton was considered. 
Therefore, a lorry of 20-28 ton was adopted.  
Table 4. EoL scenario considered 
 Product category / Waste category Landfill (%) Recycling  (%) 
17.01 Concrete, bricks, tiles and ceramic products 30 70 
17.02.02 Glass 30 70 
17.02.03 Plastics 100 0 
17.03 Bituminous mixtures 100 0 
17.04 Metals 5 95 
17.06 Insulation materials 100 0 
 
Energy savings 
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Regarding to energy issues, energy demand and demand reduction were assessed. The energy demand 
for each scenario and energy savings compared to the existing building (E0) are presented in Fig. 3. 
Two red lines are depicted in this graph. They represent the limit thermal demand imposed by the 
Spanish Building Regulation and the Standard Passive House. The heating demand set by the Spanish 
Building Regulation for new buildings was not possible to achieve by passive strategies, which can be 
explained by the technical limitations when retrofitting an existing building. In all the retrofitting 
scenarios the net cooling demand was lower than the limitation of the Spanish Building Regulation 
(15 kWh/m2 year). It was observed that, because of the geometry of the building, the addition of solar 
protection decreased the cooling demand only 1 kWh/m2 year, while it increased the heating demand. 
Therefore they were not considered in this analysis. 
 
Fig. 3. Net Energy demand and energy demand reduction compared with the existing building of 
retrofitting scenarios for heating (left) and cooling (right) 
 
Life Cycle Impact Assessment (LCIA) 
From an environmental point of view, it was observed that energy savings for heating had the highest 
influence on the results (Fig. 4), which represented over 95% for ADP-fossil, GWP and ODP, 77% for 
POCP, 63% for AP, 42% for EP and 10% for the ADP-non fossil. The construction phase had a 
significant influence (≈20%) for the impact categories ADP-non fossil AP, EP and POCP. The 
contribution of EoL was small (1%) for all impact categories except for EP, which can be explained by 
the high impact of landfilling EPS (Expanded Polystyrene), where the chemical oxygen demand (COD) 
was the main influent substance on the results (85%) (detailed results in Supplementary Table S 1). 
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Fig. 4. Contribution of each life cycle stage to the life cycle environmental impact for the E2a 
scenario 
Fig. 5 presents the results from the LCA, considering initial environmental impacts and life cycle 
environmental savings. According to this, different renovation strategies would be selected based on 
the impact category considered. For the acidification potential, for example, there are several 
renovation scenarios appearing in the Pareto front (E2b, E4, E5, E7 and E3), while for the 
eutrophication potential there is only one optimal scenario (E2b). This analysis highlights the need for 
aggregation in order to select the most preferred renovation strategies considering all the impact 
categories simultaneously. In this research, this single score is calculated based on monetary valuation 
as explained before.  
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Fig. 5. Evaluation of environmental impacts: overview of the retrofitting scenarios 
As illustrated in Fig. 6, the business as usual scenario (E1) has a high IE (environmental investment), 
while the LE (life cycle environmental) savings are the lowest. Even if the insulation thickness is 
lower in this scenario, the impact of the aluminum for windows and the XPS for the roof increased the 
IE cost compared to the other scenarios. The E2a scenario is neither an optimal scenario from the 
environmental point of view. At least the E2b scenario should be chosen. Scenarios E4, E6, E5 and 
E7 improve gradually the LE results (higher savings) with an increasing IE. Scenario E3 has the 
highest IE cost but also the highest LE savings. 
 
Fig. 6. Environmental cost: overview of the retrofitting scenarios 
 
Life Cycle Cost (LCC) 
 The scenario to achieve the Passive House standard (E3) is so expensive that even if the energy 
savings during the life span are the highest, the life cycle financial (LF) savings are the lowest (Fig. 
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7). Scenarios E1, E2b, E4 and E6 are in the Pareto front. However, from the financial perspective, 
scenario E1 is not recommended as LF savings are only about half of the savings of scenario E2b 
which requires only a limited additional investment cost. Scenarios E5, E7 and E2a would be 
discarded because the initial financial (IF) cost is higher, while the LF savings are lower compared to 
scenario E6. 
 
Fig. 7. Economic assessment: overview of the retrofitting scenarios 
 
Multi-criteria optimization 
With respect to multi-criteria optimization, the first two sets of objectives were discussed in the 
sections 4.2 and 4.3. Regarding the objective to achieve the highest LE savings for the lowest IF cost 
(Fig. 8), scenario E3 has been disregarded from the analysis because of the high investment cost. The 
high investment cost of scenario E2a, with similar LE savings as other scenarios, prevents it from 
being an optimal solution. Scenario E1 should only be chosen if the investment budget is limited, as 
the LE savings are lower (over 30%) compared to all other scenarios. Al least scenario E2b should be 
adopted, if financially feasible. Compared to scenario E2b, scenarios E4, E6, E5 and E7 lead to higher 
investment cost with a minor environmental improvement. 
 
Fig. 8. Initial financial cost vs. life cycle environmental avoided costs of the retrofitting scenarios 
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As far as life cycle savings are concerned (Fig. 9), only E6 and E7 are optimal scenarios. Although E3 
is also optimal, it is discarded due to the high investment cost required. E2b, E4 and E5 are close to 
being optimal solutions, while E1 (BAU scenario) is far from being an optimal solution. 
 
Fig. 9. Life cycle financial (LF) savings vs. life cycle environmental (LE) savings of the retrofitting 
scenarios 
 
Sensitivity analyses 
Sensitivity analyses were made varying the life span of the retrofitting scenarios, the discount rate, the 
growth rate of energy prices and the monetary values. The environmental and financial results for 
varying life span are presented in Table 5 indicating the optimal results for the environmental and the 
financial optimization. While from an environmental perspective, the optimal retrofit scenarios are 
identical to the ones for a life span of 50 years and hence prove to be robust, from a financial 
perspective different optima are obtained. The scenario E1 is not cost effective if the life span is 
reduced to 30 years, as the life cycle savings are negative. Moreover, scenario E7 is not optimal 
solutions (t=30).  
The sensitivity analyses of the discount rate and the growth of energy price are presented in  
 
Table 6. Although the savings decrease/increase to an important extent (around 70%) when 
increasing/decreasing the discount rate with 1%, the preferred solutions are identical for the three 
discount rates considered. When adopting a lower growth rate for energy (g=1.75, e=2.5), E3 is not a 
cost effective scenario anymore. When the growth of energy equals the inflation rate (g=0, e=0), E1, 
E2a and E3 would not be nether cost effective. 
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Table 5. Sensitivity analysis: overview of the environmental and financial optimization of the 
retrofitting scenarios considering varying life spans (30, 50 and 60 years) 
Scenario IE  
(€) 
LEsavings 
(€) t=30 
LEsavings 
(€) t=50 
LEsavings 
(€) t=60 
Scenario IF  
(€) 
LFsavings 
(€) t=30 
LFsaving
s (€) t=50 
LFsavings 
(€) t=60 
E2b -3.8 
2517565
4425175
756855.7
0 
95.31 
115.31 
E1 -95.58 
51.02 
184.04 
273.28 
E2a -3.99 55.52 94.93 
114.96 
E2b 
-
102.8
9 94.72 
267.09 
379.25 
E4 -4.04 
56.39 
96.74 
117.19 
E4 
-
105.4
2 96.44 
272.26 
385.84 
E6 -4.10 
56.43 
96.86 
117.34 
E6 
-
105.6
8 96.76 
273.12 
392.96 
E5 -4.20 
56.81 
97.57 
118.22 
E5 
-
107.8
4 97.99 
274.05 
401.10 
E7 -4.26 
56.86 
97.71 
118.41 
E7 
-
108.1
0 96.67 
274.93 
402.30 
E1 -5.32 
37.97 
66.51 
81.05 
E2a 
-
110.5
5 87.06 
256.24 
368.40 
E3 -6.01 76.18 131.26 158.69 E3 - -71.05 243.15 223.69 
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278.0
8 
  Environmental cost optima;       financial cost optima; t: life span 
 
Table 6. Sensitivity analyses: overview of the financial optimization of the retrofitting scenarios 
considering different discount rates and different growth rates of energy prices 
Scenario IF  
(€) 
251951104
LFsavings 
(€) r=2 
LFsavings 
(€) r=3 
LFsavings 
(€) r=4 
LFsavings (€) 
(g=0;e=0) 
LFsavings (€) 
(g=1.75;e=2.5) 
LFsavings 
(€) 
(g=3.5;e=5) 
E1 -95.58 276.32 184.04 119.68 -23.68 48.02 184.04 
E2b 
-
102.8
9 388.18 
267.09 
182.49 3.79 95.26 
267.09 
E4 
-
105.4
2 395.80 
272.26 
185.93 4.41 97.48 
272.26 
E6 
-
105.6
8 397.02 
273.12 
186.52 4.57 97.87 
273.12 
E5 
-
107.8
4 398.93 
274.05 
186.77 3.72 97.66 
274.05 
E7 
-
108.1
0 400.18 
274.93 
187.39 3.90 98.08 
274.93 
E2a 
-
110.5 376.23 
256.24 
172.44 -7.06 84.41 
256.24 
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5 
E3 
-
278.0
8 234.91 
243.15 
21.55 -161.19 -66.23 
243.15 
                Financial cost optima (for different discount rates);               financial cost optima (for 
different growth rates of energy prices); r: discount rate; g: growth rate of gas; e: growth rate of 
electricity 
Finally, the sensitivity analysis of the monetary valuation is illustrated in Fig. 10. The same trend is 
found for low, central and high values. 
Fig. 10. Sensitivity analysis: overview of the environmental cost considering low (L), central (C) and 
high (H) values provided in Table 1. 
Conclusions 
In this paper, a methodology to assess different retrofitting solutions was proposed. It allows 
evaluating different energy saving measures from an environmental and financial perspective through 
the life cycle approach. This multi-criteria methodology was illustrated with a case study in Madrid. 
Spain. The developed methodology proved that monetary valuation allows environmental impacts to 
be considered as a single score, which enables decision taking in case of contradictory impact results 
and leads to a much easier comparison of the environmental and economic objectives. 
For the building typology analyzed, located in Madrid, the current retrofitting strategies (scenario E1) 
are not optimal from an environmental point of view. The additional investment needed for a higher 
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insulation level of the building envelope (i.e. scenario E2b compared to common practice to date) is 
not so high (8%) while it leads to important extra environmental and financial savings (i.e. 43% and 
45% respectively). For this type of housing block in Madrid, the requirement of maximum heating 
demand for the Passive House Standard (i.e. 15 KWh/m2) cannot be achieved through passive 
strategies. The implementation of a heat recovery system is needed but is so expensive, that from a 
financial point of view, it is not an optimal solution. With regard to the multi-criteria optimization, 
scenario E7 is the only one that fulfills all the objectives proposed in the optimization method. 
However, scenario E2b could also be chosen, as its investment cost is a bit lower (3%). while the 
difference in the life cycle environmental and financial savings is small (2% and 3% respectively). 
These small differences are insignificant seen the uncertainty level of the method and data used and 
hence both scenarios can be seen as preferred options. 
Finally, sensitivity analyses were helpful to understand the robustness of the results obtained as a 
consequence of the uncertainty of parameters and assumptions made. 
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Highlights: 
A multi-criteria methodology for the analysis of retrofitting solutions is proposed. 
LCA and LCC are combined by expressing environmental impacts in monetary values. 
A Pareto optimization is used to select the preferred strategies. 
The methodology is illustrated by a case study in Madrid, Spain. 
Business as usual scenario is far from being an optimal solution. 
 
 
